Summary
OBJECTIVE To study the relative importance of determinants of thyroid volume. DESIGN Cross-sectional study on a sample of subjects issued from the SU.VI.MAX cohort. SUBJECTS 2987 French subjects (1713 women aged 35±60 years and 1274 men aged 45±60 years). None of them had previous or present thyroid disease. MEASUREMENTS Thyroid volume was determined by ultrasound. Serum TSH and free thyroxine (fT 4 ) were measured in duplicate. Urinary iodine and urinary thiocyanate were assayed in random morning urine samples. RESULTS For both sexes, thyroid volume (ml) was positively correlated with weight, height, body mass index and body surface area (P 0´0001) and negatively with age for females (P 0´0009). When the urinary iodine concentration was adjusted for urinary thiocyanate concentration and their interaction, the thyroid volume was negatively correlated with urinary iodine (males P 0´02, females P 0´006) and positively correlated with urinary thiocyanate (males P 0´0001, females P 0´004). Mean thyroid volume was greater among active smokers than non-smokers (males P < 0´0001, females P 0´0004) and was greater among former smokers than among non-smokers (males P 0´0001, females 0´004). Free T 4 and thyroid volume were positively correlated for both sexes (P 0´0001). TSH was negatively correlated with thyroid volume for both groups (P 0´0001). Female users of oral contraception (aged 35±45 years) had a smaller thyroid volume than non-users (P 0´0009). CONCLUSIONS The state of borderline iodine de®-ciency observed in France, in association with a slightly goitrogenic environment, may result in sustained stimulation of the thyroid, independently of TSH level, and is of paramount importance in the formation of goitre. Smoking may affect the thyroid, inducing marked long-lasting thyroid enlargement.
Modi®cations in thyroid structure and activity in response to an insuf®cient supply of dietary iodine have been con®rmed by numerous clinical and experimental observations (Delange, 1996) . Adaptational processes to iodine de®ciency are triggered, and remain partly controlled, by increased secretion of TSH (Dumont et al., 1991) , but individual variations in thyroid responsiveness to TSH are under the control of internal and external stimulating factors (Ga Èrtner, 1992; Nilsson, 1995) . A number of dietary goitrogenic factors other than iodine de®ciency have been suspected in goitre endemics. In western countries, smoking exposure, both active and passive, is the major route of thiocyanate (Vesey, 1980) , a well-known antithyroid anion. Thyroid damage resulting from smoking exposure (Christensen et al., 1984; Hegedu Ès et al., 1985) is probably essential for the occurrence of a large proportion of thyroid dysfunction (Ericsson & Linga Èrde, 1991) . Increased life expectancy makes it necessary to better elucidate thyroid changes occurring with increasing age and which affect thyroid size and function.
In the present work, we studied the relative importance of determinants of thyroid volume on a subsample of 2987 subjects without previous or present thyroid disease.
Subjects and methods

Subjects
This study was conducted in France on a sample of subjects derived from the SU.VI.MAX cohort study. A total of 3523 subjects (women aged 35±60 years and men aged 45±60 years) were examined, through the use of a mobile unit (`ThyroMobil van') especially equipped with an ultrasonograph. Data on baseline characteristics of the participants suggest that the present sample is, for the selected age groups, close to the national population in terms of geographical density and socioeconomic status (Hercberg et al., 1998 , where W is the weight in kg and H the height in cm (Du Bois & Du Bois, 1916) .
Several exclusion criteria were applied: subjects with goitre (n 361) (a goitre was de®ned as a visible and/or palpable thyroid gland) and subjects with signs of previous or present thyroid disease (n 154) were excluded, as were individuals treated with thyroid hormones, antithyroid drugs or receiving lithium treatment. Cases of overt iodine contamination (urinary iodine concentration $ 60 mg/100 ml) (n 20) were eliminated, as were subjects with thiocyanate overload (urinary thiocyanate concentration $ 50 mg/l) (n 1). Thus, the ®nal study group consisted of 2987 subjects, 1274 men and 1713 women.
The SU.VI.MAX study has been approved by the Ethical Committee for studies with human subjects (CCPPRB no. 706) of Paris-Cochin, and the Comite Â National Informatique et Liberte Â (CNIL no. 334641).
Methods
Thyroid volume. Thyroid volume (TV) was estimated using a high frequency 7´5 MHz linear array transducer (Sonoline SI-400, Siemens, Erlangen, Germany). The examinations were performed with the patient in a supine position, the neck hyperextended. The lobes were approximated to ovoids and their volume, expressed in ml, was estimated by the formula: volume of one lobe (ml) length´width´depth´0´479 (Brunn et al., 1981) . The total TV was obtained by combining the volumes of both lobes. The isthmus was not taken into account in volume calculation. Nodules and/or cystic areas were included in volume determination. This method has been proven to be very accurate and precise (Berghout et al., 1987) . All ultrasonographic examinations were performed and interpreted by the same experienced radiologist (M. B.).
Laboratory methods. Serum TSH and fT 4 were measured in duplicate on a fully automated MAGIA Ò 8000 analyser (Biotrol Diagnostic Company, Chennevie Áres-le Ás-Louvres, France). Thyroid hormone and TSH values were determined in the same assay; within-and between-run coef®cients of variation for TSH and fT 4 were less than 7´6% over a wide range of concentrations. TSH was measured on a one-step, two-sites ultra-sensitive ELISA immunoassay using two monoclonal antibodies. The detection limit of the TSH assay employed was 0´02 mU/l, and the reference range was 0´12±6´1 mU/l. The thyrotrophin standard 80/558 from the WHO was used as a calibrator for the TSH determination. Free T 4 was measured by a one-step competitive immunoassay. The reference range in adults was 9±22 pmol/l.
Urinary iodine was measured in all participants in random morning urine samples and urinary iodine concentrations expressed as absolute concentrations (mg/100 ml) were used as an index of iodine nutrition. The urinary iodine, after fully automated wet acid digestion (Technicon AutoAnalyzer II), was measured by means of a highly sensitive spectrophotometric procedure based on the Sandell±Kolthoff reaction. Urinary thiocyanate concentrations were assayed on the same urine sample by means of an automated continuous-¯ow technique (Butts et al., 1974) . Results were expressed as absolute concentrations (mg/100 ml).
Statistical methods
Data were compiled on an Alpha-VMS system using SAS statistical software (SAS Institute, Cary, USA). Men and women were evaluated separately, as most determinants of TV were different between the male and the female subjects (weight, height, BSA, smoking habits, hormonal contraception, menopausal state).
The relationship between TV and its determinants was estimated by Pearson's correlation coef®cients and by simple and multiple linear regression analyses. The interactions between determinant effects were introduced in models as products of variables centred by subtraction of their empirical mean along with the corresponding centred variables. The signi®cance of differences between mean TV was also tested by Student's t-test. Since TV, urinary iodine concentrations, urinary thiocyanate concentrations and TSH distributions were markedly positively skewed, the natural logarithm of these variables was used in computations to increase normality.
In regression analyses, the three categories of smoking exposure,`non-smokers',`former smokers' and`active smokers', were described by a combination of two dummy variables, former smokers (1, 0 otherwise) and active smokers (1, 0 otherwise).
Results
Distribution of TV (ml), BSA (m 2 ), urinary iodine concentrations (mg/100 ml), urinary thiocyanate concentrations (mg/100 ml), TSH (mU/l) and fT 4 (pmol/l) for male and female samples are given in Table 1 . Weight, height, BMI and BSA were all signi®cantly positively correlated with TV for both males and females; coef®cients were larger for BSA (P 0´0001) and therefore, in additional multiple-regression models, BSA was introduced as a covariate. When age was considered in univariate analysis (Table 2) , a negative correlation appeared with TV, highly signi®cant for females (P 0´0009) but not for males (P 0´27). Such relationships between TV, age and BSA were not altered after controlling for urinary iodine concentrations, urinary thiocyanate concentrations and iodine±thiocyanate interaction (Table 3) .
No signi®cant correlation was found between urinary iodine concentrations and TV (males P 0´58, females P 0´07). Urinary thiocyanate concentrations were strongly related to TV for males (P 0´0003), but not for females (P 0´20). Urinary iodine concentrations and urinary thiocyanate concentrations were signi®cantly positively correlated for both males (r 0´47, P 0´0001) and females (r 0´54, P 0´0001).
After adjustment for urinary iodine concentration, urinary thiocyanate concentration and their interaction (Table 3) , the relationship between TV and urinary iodine concentration was signi®cant in both males (P 0´02) and females (P 0´006). The effect was signi®cantly positive between TV and urinary thiocyanate concentrations for males (P 0´0001), and females (P 0´004). Moreover, the interaction between iodine and thiocyanate indicated no statistically signi®cant interaction for either group.
There was an inverse relationship between TV and TSH for both males (r À 0´36, P 0´0001) and females (r À 0´31, P 0´0001). In contrast, TV was related to fT 4 concentration for both males (r 0´12, P 0´0001) and females (r 0´13, P 0´0001). Thyroid volume was lowest in non-smokers and the largest in continuing smokers (Table 4) . The difference between quitters and non-smokers was signi®cant for males (P 0´0001) and females (P 0´004); that between non-smokers and continuing smokers had a P-value < 0´0001 for males and a P-value of 0´0004 for females. Moreover, despite smoking arrest, TV for quitters was nearly equivalent to that of smokers (P 0´16) among females; this difference between quitters and continuing smokers was signi®cant among males (P 0´004). The above analyses were repeated with controls for present smoking, urinary iodine concentrations and urinary thiocyanate concentrations. Following these additional adjustments, the positive relationship between TV and present smoking remained signi®cant among females (P 0´03) and males (P 0´0007).
Thyroid volume in normal adults
Thyroid volume was not signi®cantly different (P 0´19) between pre-menopausal females (n 536, geometric mean 8´9 ml) and post-menopausal females (n 241, geometric mean 8´6 ml) in the 45±55 years age group. In pre-menopausal females aged 35±45, the TV was markedly associated with hormonal contraception (P 0´0009). Mean TV was lower among users (n 158, geometric mean 8´5 ml) than among controls (n 598, geometric mean 9´4 ml). This relationship was not affected after controlling for age, BMI and smoking status (P 0´05).
Discussion
In adults, the volume of the thyroid gland signi®cantly increases not only with weight and height, but also with BMI and BSA. BSA showed the best correlation for both sexes. In Denmark, Hegedu Ès et al. (1983) found a positive correlation between TV and body weight in males as well as in females, while others found it only in males (Berghout et al., 1987 ). An increase of thyroid weight with age was ®rst established in an autopsy study comprising 821 clinically normal thyroids (Mortensen et al., 1955) and was then con®rmed in ultrasonographic studies (Hegedu Ès et al., 1983; Olbricht et al., 1983) and was shown to be independent of sex. However, Berghout et al. (1987) , using ultrasound, could not ®nd such a relationship. Present results do not con®rm such trends, but introduce an 276 X. Barre Á re et al. ) 0´5886 0´0001 0´5249 0´0001 Urinary iodine* (mg/100 ml) ± 0´0379 0´13 ± 0´036 0´06 Urinary thiocyanate* (mg/100 ml) 0´0949 0´001 0´0628 0´005 Interaction urinary iodine±urinary thiocyanate 0´0456 0´22 0´0018 0´94 * A logarithmic transformation was used to normalize the distribution. ² A logarithmic transformation was used to normalize the distribution. ** vs. non-smokers, men (P 0´0001), women (P 0´004); * vs. non-smokers, men (P < 0´0001), women (P 0´0004); ³ vs. former smokers, men (P 0´004), women (P 0´16). P-values refer to Student's t-test.
inverse, signi®cant relationship between TV and age for the female group. Although negative, such a relationship does not reach signi®cance for males, which might be explained by differences in the age range considered in each sex (35± 60 years for females vs. 45±60 years for males). Such a tendency towards lower TV with advanced age for the female was not modi®ed when adjusted for urinary iodine, urinary thiocyanate and their interaction, and BSA. Ageing is associated with a decrease in lean body mass (LBM). Such a reduction in the active metabolic mass is considered to be responsible for the decreased requirement for thyroid hormone in elderly primary hypothyroid patients (Cunningham & Barzel, 1984) . Our ®ndings appear to reinforce the hypothesis, ®rst advocated by Berghout et al. (1987) , that LBM rather than total body weight is the predominant determinant of TV. In a recent study conducted by Wesche et al. (1998) , in healthy adults living in a non-iodine-de®cient area, LBM estimated by bioelectric impedance was found to be the best determinant of TV.
In our study, both iodine status and thiocyanate load interfere with TV. When adjusted for thiocyanate, iodine and thiocyanate±iodine interaction, iodine concentrations and TV vary signi®cantly in an opposite manner, and urinary thiocyanate and TV vary signi®cantly but in the same way. Results of studies conducted in countries free of iodine de®ciency do not support the view of an association between iodine intake and thyroid size. Both Hegedu Ès et al. (1983) and Berghout et al. (1987) underline the fact that no correlation exists between TV and urinary iodine excretion. In our study, TV is highly consistent with volumes observed in Amsterdam (12´7 ml in males, and 8´7 ml in females), but the latter were far removed from the 19´6 ml and 17´5 ml volumes found in males and females, respectively, in a comparable study in Copenhagen, although both were conducted in non-endemic, non-iodinede®cient areas. Mean daily urinary iodine excretion was 147´2 6 68´2 mg/24 h in Amsterdam and 79 6 40 mg/24 h in Copenhagen. In spite of Denmark being classi®ed as a nonendemic goitre area and a borderline iodine-suf®cient area (Lauerberg et al., 1993) , it could also be speculated that the Danish subjects were in fact iodine-de®cient to some degree. In our study, a negative correlation between thyroid size and iodine excretion would suggest that the thyroid is most likely exposed to a mild goitrogenic effect due to moderate iodine de®ciency still prevalent in continental France. However, discrepancies in the prevalence of goitre in populations with nearly similar iodine de®ciency indicate that other factors are also operating, since a wide variety of environmental agents adversely affect the thyroid gland. Increased TV with increased thiocyanate concentrations emphasized the possible goitrogenic action of the thiocyanate anion (Delange & Ahluwalia, 1983) . Our ®ndings underscore the fact that thiocyanate load, as evaluated by urinary thiocyanate concentrations, results in thyroid volume gains independently of iodine status, probably because overall iodine de®ciency in France is borderline (Valeix et al., 1999) . Thiocyanate is also an important byproduct of smoking exposure. Our results indicate that for both males and females, active smoking induces a greater TV compared to that of non-smokers. Increased TV resulting from smoking exposure is now well documented (Bartalena et al., 1995) . Hegedu Ès et al. (1985) , using both clinical investigation and ultrasonically determined TV, disclosed a marked increase in TV in smokers (> 15 cigarettes daily for > 5 years). Only 3% of non-smokers had a palpable goitre, while the latter was found in 30% of smokers. Unfortunately, none of these studies included data on iodine status and food patterns among smokers compared to non-smokers. Conversely, Gutekunst et al. (1986) in Sweden and Berghout et al. (1987) in the Netherlands, investigating TV determinants in iodine-replete populations, found no difference in TV between smokers and non-smokers. In the present study, higher TV are still encountered among quitters when compared to non-smokers, suggesting a longlasting goitrogenic effect of tobacco smoking exposure.
In our study there was an inverse, signi®cant relationship between TV and TSH, while results from Hegedu Ès et al. (1983) , Gutekunst et al. (1986) and Berghout et al. (1987) do not support this ®nding and conclude that there is a lack of signi®cant correlation between TSH level and TV. While increased TSH stimulation in severe endemic goitre areas is now well substantiated, wide variations in serum TSH levels appear independently of the presence or absence of goitre, and there is no doubt that a variety of growth factors may directly sustain or stimulate thyroid growth. Iodine might directly affect thyroid growth, and Ga Èrtner et al. (1987) and Ga Èrtner (1992), using in vitro studies, demonstrate a growth effect of iodine independently of TSH. Serum fT 4 level variations are positively and signi®cantly associated with TV.
Among pre-menopausal females 35±45 years old, hormonal contraception is associated with a signi®cant 10% reduction in mean TV. When TV in post-menopausal and pre-menopausal women are compared among 45±55-year-old females, no signi®cant difference in TV is found.
In conclusion, this study was performed on a French population considered as being exposed to borderline iodine intake. Exposure to different levels of iodine de®ciency during youth (iodine prophylaxis was gradually introduced in France from 1952 onwards) might interfere with TV, but cannot be taken into account. This state of borderline iodine de®ciency, in association with a slightly goitrogenic environment, whatever the source, dietary habits or smoking exposure, may result in sustained stimulation of the thyroid independently of TSH level, and is of paramount importance in the formation of goitre. Our results also emphasize that smoking may affect the Thyroid volume in normal adults 277 thyroid, inducing long-lasting damage to the thyroid structure. This study reinforces the necessity of providing adequate amounts of iodine to populations through well-adapted prophylactic measures based on continuous monitoring of iodine status and control of anthropogenic, i.e. man-made, goitrogens.
